Background: Pertussis vaccination has reduced the number of notified cases in industrialized countries from peak years by more than 95%. The effect of recently recommended adult and adolescent vaccination strategies on infant pertussis depends, in part, on the proportion of infants infected by adults and adolescents. This proportion, however, remains unclear, because studies have not been able to determine the source case for 47%-60% of infant cases. Methods: A prospective international multicenter study was conducted of laboratory confirmed infant pertussis cases (aged Յ6 months) and their household and nonhousehold contacts. Comprehensive diagnostic evaluation (including PCR and serology) was performed on all participants independent of symptoms. Source cases were identified and described by relationship to the infant, age and household status. Results: The study population comprised 95 index cases and 404 contacts. The source of pertussis was identified for 48% of infants in the primary analysis and up to 78% in sensitivity analyses. In the primary analysis, parents accounted for 55% of source cases, followed by siblings (16%), aunts/uncles (10%), friends/cousins (10%), grandparents (6%) and part-time caretakers (2%). The distribution of source cases was robust to sensitivity analyses. Conclusions: This study provides solid evidence that among infants for whom a source case was identified, household members were responsible for 76%-83% of transmission of Bordetella pertussis to this high-risk group. Vaccination of adolescents and adults in close contact with young infants may thus eliminate a substantial proportion of infant pertussis if high coverage rates can be achieved.
B
ordetella pertussis continues to circulate and cause disease even in populations with high vaccination coverage of infants and children. Waning of vaccine-induced immunity [1] [2] [3] [4] is cited as an important factor contributing to this persistent problem. [5] [6] [7] [8] Despite widespread vaccination coverage (ie, 95% for the primary series 9, 10 ), the reported incidence of infant pertussis in the United States tripled in the past 2 decades from 34.2 cases/100,000 in the 1980s to 103.5 cases/100,000 infant population in 2003. 11, 12 Infants too young to have completed their primary vaccine series account for the majority of pertussis related complications, hospitalizations and deaths. 12, 13 One strategy for protecting infants is to increase herd immunity by vaccinating close contacts. France was the first country to introduce a booster dose for adolescents in 1998, 14 followed by Germany, other European countries, Canada, Australia and Japan. 15 France and Germany have also recommended a booster for parents and health care workers in contact with young children. 14, 16 The United States Advisory Committee on Immunization Practices (ACIP) recently recommended that all adolescents and adults receive a single booster dose of Tdap (tetanus toxoid, reduced diphtheria toxoid and acellular pertussis vaccine) in place of Td (tetanus and diphtheria toxoids vaccine). 17, 18 Modeling has shown that the effect on infant pertussis of routinely vaccinating all adolescents and adults critically depends on the proportion of infants infected by family members. 19 Several studies have investigated the transmission of pertussis within households using a variety of study designs: case control studies in outbreak settings, 20 -22 investigations using general and hospital-based surveillance data, 5, [23] [24] [25] and secondary analyses using vaccine efficacy trial data. 26 These studies reported that parents (20%-48%) 5, [23] [24] [25] 27 and siblings (19%-53%) 5, [23] [24] [25] were common sources of infection for infants for whom a source was identified. However, interpretation of these findings is subject to important limitations. In these studies, the primary source of infection could not be identified in 47%-60% of infant index cases. Further, except in one small study, 27 the diagnosis of the index case was not always laboratory confirmed, and identification of source cases relied predominantly on a clinical diagnosis of pertussis. It remains therefore unclear who transmits pertussis to young infants.
This study was designed to determine more precisely who transmits B. pertussis to young infants. We collected comprehensive clinical and biologic diagnostic data on close contacts to infant cases with laboratory confirmed pertussis. Three categories of participants were included in the study: infant index cases, household contacts and close nonhousehold contacts. Index cases were eligible if the infants were aged Յ6 months, unvaccinated or partially vaccinated (Ͻ3 doses) and diagnosed with laboratory confirmed pertussis (confirmed by culture or polymerase chain reaction ͓PCR͔). Household contacts of the index cases were defined as persons living in the same residence as the infant index case during the month preceding pertussis diagnosis in the infant. Nonhousehold contacts were eligible if, during the month before symptom onset in the index case, they were either a full-time caretaker (Ͼ30 hours/week), or a person with an acute cough illness lasting Ն7 days and had at least 10 hours of contact per week. Potential participants were excluded if their residence was too distant for the family to attend for evaluation.
METHODS
Upon enrollment of the infant index case, data on age, gender, pertussis vaccination status, type and duration of pertussis symptoms, laboratory test results, family composition, and type of child care were collected. Enrollment of the index case and contacts was required to occur within one week after the diagnosis of pertussis.
All household members of the index case were recruited upon informed consent and interviewed face-to-face using a standard questionnaire to obtain demographic and clinical data to identify potential nonhousehold sources of pertussis. A respiratory sample (nasopharyngeal aspirate or swab) for culture and PCR detection of B. pertussis and a blood sample for IgG antipertussis toxin (anti-PT) antibody detection were collected. One month later, follow-up data on symptoms and a convalescent blood sample were collected. Potential nonhousehold sources of infection were contacted by telephone, recruited, and followed the same study protocol as household contacts. Diagnostic Laboratory Procedures and Quality Control. PCR and serum samples were sent frozen to the Reference Laboratory for Whooping Cough and other Bordetelloses, Institut Pasteur in Paris. PCR samples were analyzed by real-time PCR using the IS481 target according to recommendations of the PCR pertussis consensus group. 28 Serum samples were analyzed using a standardized enzyme-linked immunosorbent assay (ELISA) to quantify IgG anti-PT, as previously described, 29 and using purified PT from sanofi pasteur. Assay cut-off was set at Ն20 EL U/mL. Case Definitions. Contacts were classified into one of 4 pertussis outcome categories: (1) laboratory confirmed symptomatic case, (2) epidemiologically linked symptomatic case, (3) laboratory confirmed asymptomatic infection, and (4) not infected. Outcomes were assigned using a case definition algorithm ( Fig. 1 available online only) . Laboratory confirmed symptomatic cases reported symptoms of rhinorrhea or cough and met at least one of the following criteria: positive culture, positive PCR, 28 a Ն4-fold change 30 in anti-PT IgG levels in paired serum samples, or a single anti-PT IgG antibody titer Ն125 EU/mL. [31] [32] [33] For immunized children aged 3 months through 2 years, or 4 years through 7 years, single anti-PT titer results were not used for laboratory confirmation because recent vaccination may have influenced the IgG titers. 8 Epidemiologically linked cases were persons in contact with the index case in the month preceding symptom onset in the index case and who had an acute cough illness lasting Ն2 weeks, and had no laboratory confirmed pertussis. 34 Laboratory confirmed asymptomatic cases met the same criteria as laboratory confirmed cases, but did not report any cough or cold symptoms at either visit. Those classified as uninfected failed to meet any of the above criteria.
A primary case was defined as a laboratory confirmed or epidemiologically-linked case with symptom onset between 7 and 30 days before symptom onset in the index case.
25,35-39
Primary Analysis. The primary analysis consisted of a complete case analysis in which only contacts with complete critical diagnostic information (ie, PCR and serology) were included. Multiple source cases were allowed for an index case when more than one laboratory confirmed index case reported symptom onset on the same day.
Sensitivity Analyses Investigating the Effect of Missing Data.
To determine the impact of missing data on the study results 2 sensitivity analyses were conducted. In a highly conservative analysis, the strict complete enrollment analysis, the entire family was included only if every household member was enrolled and critical diagnostic results were available for every contact. In a less restrictive analysis, the all participant analysis, data on all participants were analyzed. When PCR and/or serology results were missing, pertussis outcome was assigned using the case definition algorithm (Fig. 1 , available online only).
Sensitivity Analyses Investigating Infants for Whom a Primary
Case was not Identified. Additional sensitivity analyses investigated why the primary analysis failed to identify a source case for some infants despite complete enrollment and diagnostic investigation. In the expanded primary case definition analysis, the timing of symptom onset to meet the primary case definition was expanded to 2-48 days before symptom onset in the index case based on evidence from early transmission studies of pertussis. 40, 41 In the asymptomatic case analysis, contacts with asymptomatic laboratory confirmed infection were included as potential source cases 42 in families 
RESULTS
Participants. Ninety-five infant index cases (France ϭ 15, Germany ϭ 16, United States ϭ 62, Canada ϭ 2) and 404 contacts (France ϭ 60, Germany ϭ 67, United States ϭ 269, Canada ϭ 8,) were enrolled. Of the eligible index cases and household contacts, 84.1% and 86.0%, respectively, participated. A mean of 4.2 (range ϭ 1-13) contacts were enrolled per index case, and 29 (30.5%) of the index cases had at least one nonhousehold contact enrolled. There were 206 adult household members (aged Ն18 years, except in the case of emancipated minors), 127 child household members (aged Ͻ18 years) and 71 nonhousehold contacts enrolled.
The mean age of the infant index cases was 2.9 months (range ϭ 0.53-6.9 months); 70.5% were vaccinated at the appropriate age (ie, had received the correct dose no later than 30 days past the country specific scheduled date). Thirtyfour (35.8%) infants had received one dose of pertussis vaccine and 8 (8.4%) had received 2 doses. Associations between age and number of received vaccine doses with being hospitalized are presented in Table 1 .
The distributions of collected diagnostic specimens for PCR and serology among close contacts to the infant index cases, contact level with the index case, and vaccination history stratified by type of contact are presented in Table 2 . Primary Analysis. Among the 95 families enrolled, 3 had no contacts for whom complete data were available; one family had twin infant index cases with identical contact patterns and was analyzed as a single case. Of the remaining 91 (96.8%) unique families, 91 index cases and 347 (85.9%) contacts had complete data. The prevalence of pertussis was 65.1% among all close contacts included in this analysis. The distribution of case-type is shown in Table 2 . A source of infection was identified for 44 (48.4%) index cases. The majority (79.5%) of primary cases were laboratory confirmed. For 4 index cases, multiple primary cases were assigned as more than one laboratory confirmed primary case reported symptom onset on the same day.
Among the 44 infants for whom a primary case was identified, household members were more often identified as primary cases than nonhousehold contacts (75.5% versus 24.5%). Parents accounted for 55.1% of the primary cases identified (18 mothers and 9 fathers), followed by siblings (16.3%), aunts/uncles (10.2%), friends/cousins (10.2%), grandparents (6.1%) and part-time caretakers (2.0%) (Table  3a) . Among the 8 siblings identified as primary cases, 4 (two 3 year olds, a 9-year-old and an 11-year-old) had a documented history of age appropriate pertussis immunization, one 15-year-old reported no previous vaccination and 3 siblings (aged 4 years, 17 years and 23 years) reported unknown vaccination status. Five of these cases were from the United States, 2 from Germany and one from France.
When calculating the proportion of source cases among all index cases, parents were identified as the source case for 30% of infants, siblings 9%, aunts/uncles 5%, friends/cousins 5%, grandparents 3% and part-time caretakers 1%.
Among the 47 (51.6%) index cases for whom no source case could be identified, complete enrollment and complete laboratory diagnostic tests for all household and eligible nonhousehold contacts were available for 21 (44.7%), indicating potential transmission from a casual contact. For the remaining 26 families, there was at least one identifiable close contact who did not participate in the study, limiting our ability to draw conclusions regarding the source of infection for the infant.
Sensitivity Analyses Investigating the Effect of Missing
Data. In the conservative strict complete enrollment analysis 49 (52.1%) families were excluded due to missing data for one or more contacts. Among the 45 infants and 193 contacts included in the analysis, a source case was identified for 62.2% of index cases. In the all participant analysis, all data for the 94 index cases and 404 contacts were included and a source case was identified for 53.2% of index cases. The differences in the distribution of relationships of the source cases in these sensitivity analyses and the primary analysis were small (0.2%-5.1%), with overlapping 95% confidence intervals. ͓Table 3b, available online only.͔ Sensitivity Analyses Investigating Infants for Whom a Primary Case was not Identified. In the expanded primary case definition analysis, a primary case was identified for an additional 12 (13.2%) index cases. Seven primary cases had symptoms 31-48 days before onset in the index case, and 5 primary cases had symptoms 2-6 days before onset in the index case. A primary case was thus identified for 61.5% of all infants, when compared with 48.4% in the primary analysis. The distribution of the relationships of the primary case to the index case remained similar. ͓Table 3b, available online only.͔ When transmission from asymptomatically infected close contacts was assumed possible, a source case was identified for an additional 15 (16.5%) index cases beyond those identified when using the expanded case definition, 6 of which were confirmed by serology only, 5 by PCR only, and 4 by both PCR and serology. In this sensitivity analysis, a 
COMMENT
This study shows that parents (48%-55%), siblings (16%-21%) and nonhousehold close contacts (18%-29%) are important sources of pertussis transmission to young infants. Although these findings corroborate those from prior studies 5, [23] [24] [25] 27 (Table 4) , they were robust to sensitivity analyses as evidenced by the relatively small range (Ͻ8%) in point estimates among each stratum of source cases. Additionally it had fewer limitations than previous studies. The prospective study design limited recall error in reporting the timing of symptom onset in contacts. The collection of biologic specimens (PCR and serology) on all household members, irrespective of symptoms, allowed laboratory confirmation of symptomatic cases and identification of asymptomatic infection. Inclusion of close nonhousehold contacts allowed inves- *The number of source cases in greater than the number of infants for whom a source case was identified because multiple source cases were allowed for infants whose source cases reported symptom onset on the same day.
† Mothers accounted for 18 and fathers accounted for 9 of these parents. ‡ Unable to calculate confidence intervals for proportions containing 0% and 100%. *Child household members are less than 18 yr of age except when teenage mothers (n ϭ 1, age ϭ 16) qualifies as an emancipated minor and thus categorized as adult.
† Number and percent of persons vaccinated during infancy (2-18 mo) and childhood (4 -6 yr). Proportions were calculated among those old enough to be administered the specified dose. ‡ Persons reporting unknown vaccination for both doses were treated as not vaccinated. § Data from primary complete case analysis. Distributions from sensitivity analyses were similar (data not shown). tigation of their role in pertussis transmission to young infants. Analysis of PCR and anti-PT ELISA at a reference laboratory avoided misclassification because of potential interlaboratory variation in test performance. Further, the relatively large sample size allowed us to draw robust conclusions about who transmitted infection to young infants. Finally, in contrast to prior studies, we explored alternative hypotheses for index cases for whom no source could be identified. We evaluated the effect of missing data resulting from nonparticipation by household members, potential transmission from casual contact in the community, the effect of increasing the sensitivity of the definition for primary cases, and the potential role of individuals with asymptomatic laboratory confirmed infection in the transmission of pertussis to infants. We also expanded the period of infectiousness and reduced the incubation period based on data from Stocks, 40 who used cough plates to determine the start and end of the infectious period among sequential cases within a household. In our study, we identified a substantial number of source cases with symptom onset 2-6 days and 31-48 days before onset in the index case. The finding that individuals with asymptomatic laboratory confirmed infection were the only pertussis cases among close contacts for 16.5% of index cases raises questions about the dogma that asymptomatic "carriers" do not transmit pertussis. 43, 44 These results are important for evaluating the impact of current vaccination strategies and predicting the effect of new vaccination strategies on infant pertussis. The study corroborates the findings from Olin et al 45 that infant vaccination protects against hospitalization. Although it is vital to maintain high coverage rates and timely vaccination of infants and children against pertussis, we did not find that nonvaccination of siblings was a driving force for infant pertussis in this population. Although adolescents (aged 13-18) accounted for 16%-21% of the primary cases identified (10% were nonhousehold contacts and 6% were siblings in the primary analysis), their relative role in transmission may be greater, because 66% of the infants did not have an adolescent contact in this study. However, the results of this study suggest that vaccination of parents, especially mothers, is of primary importance for the control of infant pertussis. The effectiveness of vaccinating adolescents will depend on the proportion of families in which adolescents are in close contact with infants, and the vaccine coverage achieved.
Wendelboe et al
In this population of young children, the role of nonhousehold caretakers as sources of pertussis was small as only one (2.0%) part-time caretaker and no full-time caretakers were identified as a source case. It is possible that individuals who served a role as informal caretakers identified themselves as relatives (aunts, grandparents). In addition, because only 8 (8.5%) infants enrolled had a caretaker, the relative role of caretakers as a source of pertussis for infants who do have a caretaker other than their parents may be greater than the absolute 2% identified in the study.
The generalization of these findings to other settings may be limited as the socioeconomic characteristics, epidemiologic patterns of pertussis, social contact patterns and immunization strategies may differ between countries. However, the finding that the results were not significantly different between the North American and European continents likely indicates the external validity of the study. Another limitation is the inability to determine the temporality of infection between the index case and those asymptomatically infected. It is also possible some asymptomatically infected individuals failed to recall and report mild symptoms.
We could not identify a source case in 22.0%-51.6% of infants. While this may be due to missing data and/or variability of residual immunity among contacts, it may also suggest that transmission from casual contact may be an important source of transmission and warrants further investigation. If casual contacts play an important role, it is likely that optimal prevention of pertussis among young infants will not be achieved until universal vaccination of adolescents and adults is highly successful.
In conclusion, this study provides robust evidence that household members are responsible for 73%-82% of B. pertussis transmission to infants for whom a source case could be identified, and for 39% of transmission to all infants with pertussis in this study. Parents accounted for half of all B. pertussis transmissions to infants. It is therefore likely that the implementation of the recent ACIP recommendation for adult and adolescent vaccination could substantially reduce the burden of infant pertussis, if high coverage rates among those in contact with young infants can be achieved.
